Confluent T8 monolayers grown on permeable supports and mounted in a modified Ussing chamber secrete chloride (Cl-) in response to prostaglandin El. The threshold stimulation was observed at 10-' M and a maximal effect at 10' M. Unidirectional flux studies showed an increase in both serosal to mucosal and mucosal to serosal CI-fluxes with 10' M prostaglandin El; the increase in serosal to mucosal Cl-flux exceeded the increase in mucosal to serosal flux, resulting in net Cl-secretion.
Introduction
Prostaglandins and other arachidonic acid metabolites may play an important role in the regulation of ion transport in the intestine. These compounds are synthesized in the intestinal mucosa and appear to be increased in inflammatory bowel disease (1) (2) (3) . In isolated intestine, prostaglandins cause an increase in water and electrolyte secretion associated with an increase in mucosal cyclic AMP levels (4) (5) (6) (7) . This study utilized a cultured colonic cell line as a model system to investigate the mechanisms and the transport pathways involved in the chloride (Ca-) secretory process stimulated by prostaglandin El The advantages of using a cultured cell line result from the uniformity ofthe model, which contains only a single cell type. This allows elimination of the influence of the preexisting peptide hormones or neurotransmitter. Further, the equal accessibility of both apical and basolateral membranes allows localization ofthe transport pathways involved in the transport process. We have previously shown that this epithelial cell line becomes very well differentiated when grown to confluency on a permeable support. The cell monolayers have a columnar epithelial appearance and retain many receptor-mediated electrolyte transport processes, including the response to prostaglandin El, vasoactive intestinal polypeptide (VIP),' carbachol, etc. (8, 9) . Several transport pathways have been identified in this cell line and their participation in the C1-secretory process induced by VIP, calcium ionophore A23187, or carbachol has been demonstrated (10) (11) (12) (13) (14) (15) . These include the Na+,K+,Cl-cotransport and one or several K+ efflux pathways on the basolateral membrane, together with and a C1-conductance pathway on the apical membrane. Because the response to prostaglandin E, in this cell line resembles that observed in the intact intestine of animals and humans, we have chosen this cell line as a model system to study the mechanism of Cl-secretion induced by prostaglandin E,.
Methods
Growth and maintenance ofT84 cells. T84 cells were grown as monolayers in a 1:1 mixture of Dulbecco-Vogt modified Eagle's medium and Ham's F-12 medium supplemented with 15 mM Na+-Hepes buffer, pH 7.5, 1.2 g of NaHCO3, 40 mg of penicillin, 8 mg of ampicillin, and 90 mg of streptomycin per liter, and 5% newborn calfserum. Confluent monolayers were subcultured by trypsinization with 0.1% tiypsin and 0.9 mM EDTA in Ca2`-and Mg2"-free phosphate-buffered saline as reported earlier (10) .
Transepithelial electrolyte transport studies. The Ussing chamber was modified to allow maintenance of the integrity of the cell monolayers during the study. The modified chamber was designed to minimize turbulence created by the air lift system and to avoid edge damage to the monolayers. These modifications permitted the monolayer to remain intact for >3-4 h.
For the Ussing chamber experiments, 106 Ts4 cells were plated on a permeable support ( 1.98-cm2 surface area) and maintained for 7 d prior to use. At this time, the transepithelial conductance of the preparations became stable. The supports were suspended over the bottom of a 100-mm culture dish to permit "bottom feeding" by laying them on top of a layer of glass beads. These supports were similar to the "filter-bottom dish" developed by Handler et al. (16) 40 min. All additions were made to both the mucosal and serosal reservoirs. The data were corrected for sampling volume (0.5 ml of a 5-ml reservoir) and previous sampling loss due to buffer replacement. The results for serosal and mucosal 86Rb+ efflux were analyzed independently using the closed three-compartment system with the assumption that 86Rb+ acts as a perfect tracer for K+ and the rate of return flux back into the cell from either compartment was negligible (19) . This assumption is reasonable for the time period of the experiment.2 The apparent rate constants for serosal (kQ) and mucosal (km) efflux were determined for each sampling time using the relationships:
At Po-R-Q' 2. Backflux of ssRb+ into the cells can be ignored for two reasons. First, at all times, the rate constants relating uptake and efflux are a function of the "size" of the compartments, i.e., the total amount of K+ in each compartment. Because the K+ contained in the cellular compartment is -40-fold smaller than either extracellular compartment, then as long as the size of the cellular compartment does not change radically, the rate constant for 86RbV uptake is 40-fold smaller than the rate constant for effilux. Second, during the times ofthe experiment, although as much as 60% ofthe label leaves the cell, the specific activity in either extracellular compartment is still at least 30-fold smaller than that in the cellular compartment. The rate of 86RbV uptake, which is equal to the product of the rate constant for uptake and the specific activity in the extracellular compartment, is negligibly small (</l1,000th) compared to the rate of 86Rb+ efflux. Therefore, the differential equations describing the three- Extraction and measurement of cAMP. Cells were grown to confluency (7 d) in 35-mm culture plates. To disrupt the tight junctions and allow better access to the basolateral membrane, the cells were washed twice with 2 ml ofCa++-free Ringer's solution containing 10 mM glucose and then incubated at 37'C for 1 h in 1 ml of the same buffer. This solution was aspirated and replaced with 0.7 ml Ringer's solution containing 10 mM glucose, 1.2 mM Ca", and varying concentrations of prostaglandin El or prostaglandin El and/or the inhibitor for transport pathway of interest. The cells were incubated in these solutions at 37°C in a 5% CO2 atmosphere, to approximate conditions used in the Ussing chamber studies, for the duration of 15 min. The reaction was stopped with the addition of 1.4 ml of iced 95% ethanol. (We have demonstrated in preliminary studies that practically all ofthe cyclic AMP was confined to the intracellular compartment and similar results were obtained with monolayers mounted in the Ussing chamber as compared to this method of incubation.) Samples were kept at 4°C for at least 15 min, then centrifuged at 1,500 g for 20 min. Methods then followed those described by Harper and Brooker (20) . Briefly, duplicate 25-Ml samples of supernatant were added to 100 M1 of 50 mM acetate (pH 6.2). Samples were acetylated with 5 Ml of a mixture of triethylamine/acetic anhydride, 2:1. 100 ul of 25I-cyclic AMP and 100 Ml of cyclic AMP antiserum were added, and the samples incubated at 4°C for 18 h. 2 ml of iced 50 mM acetate (pH 6.2) were added to each tube and samples were centrifuged at 1,500 g for 20 min. The supernatant was decanted and the precipitate was counted for radioactivity. A standard curve was done for each assay by adding known amounts of cyclic AMP to buffer solution and processing these standards in the same manner as experimental samples. Representative monolayers were taken for determination of their protein content by the method of Lowry et al. (21) Table I with the time course of the changes in IhC and net fluxes illustrated in Fig. 2 . Net flux and I. in the absence of added secretagogues remained at or near zero for >100 min (Fig. 2 A) . After the addition of 10-6 M prostaglandin El, the increase in net chloride secretion was observed (illustrated by the solid bars in Fig. 2 Fig. 2 B) . Examination of the unidirectional fluxes showed no changes in mucosal-to-serosal or in serosal-to-mucosal Na' movement after the addition of prostaglandin El. In contrast, both serosal-to-mucosal and mucosal-to-serosal Cl-fluxes increased, with the increase in the serosal-to-mucosal direction being consistently greater, resulting in net Cl-secretion (Table I) 10-5 or less had no effect.
Inhibition ofprostaglandin E,-stimulated Cl-secretion by barium. Barium, a putative K+ channel blocker, has been found to inhibit Cl-secretion in a number of epithelia (23, 24). We found that BaCl2 inhibited the increase in IC induced by prostaglandin El in a dose-dependent manner when added serosally (Fig. 3) , while mucosal addition had little or no effect. A threshold inhibition is observed with l0-4 M. At a concentration of M, >90% of the effect of prostaglandin El was inhibited. The results of unidirectional and net fluxes of Na+ and C1-, summarized in Table I and Fig. 2 D, The means±SE from the same paired monolayers in Table I (25) . Results summarized in Table I The results were analysed during three time intervals. Period 1, 0-24 min; period 2, 24-40 min; and period 3, 48-80 min. Within each time frame, the points were fit to straight lines by the method of least squares. The slope of the line, representing the apparent constant for 86Rb+ efflux is shown in the table for both apical (mucosal) and basolateral (serosal) effluxes together with the changes in I,, and conductance (G). The results are the mean±SE of three experiments. The concentration of bumetanide was 0.3 mM; BaCI2, 3mM, and prostaglandin E1, 1 rM. * Significant differences (P < 0.05).
crease in Cl-flux across T84 monolayers in both directions in response to prostaglandin El. These findings suggest that prostaglandin El activates a C1-transport pathway. Unilateral 36C-uptakes were carried out as another independent method to confirm the opening of a Cl transport pathway by prostaglandin El and to localize this pathway to the apical or basolateral membrane. The applicability of this 36CI-uptake method has been demonstrated in a recent study (12) . We found that VIP, whose action is very similar to prostaglandin El, stimulated 3Cl-efflux as well as 36C1-uptake via a C1-transport pathway which was apically localized. This C1-transport pathway in the T84 cells was not inhibited by bumetanide or 4,4'-diisothiocyanostilbene-2,2'-disulfonic acid but was inhibited by n-phenyl anthranilic acid and most likely represents the "Cl-channel" reported in the literature. 36C-uptake in the presence ofbumetanide reflects the activity ofthis pathway. The results shown in Fig. 4 indicated that, at the basal state, both apical and basolateral membrane Cl-permeability were observed; however, the increase in C1-permeability activated by prostaglandin El was localized to the apical membrane alone. This increase in Cl-permeability on the apical membrane by prostaglandin El was not inhibited by bumetanide, and most likely represented the site for electrogenic Cl-exit in the Cl-secretory process stimulated by prostaglandin El.
Effect ofprostaglandin E, and specific inhibitors on cyclic AMP production. To test whether the action of prostaglandin E, was associated with an increase in cyclic AMP levels, we measured the cyclic AMP in response to prostaglandin El (Table   III) . Cellular cyclic AMP production increased dramatically when the T84 cells were incubated with prostaglandin El, confirming that the action of prostaglandin El in the T84 cells was similar to those reported for isolated intestine. To test whether the inhibitory effects of bumetanide, barium, and anthracene-9-carboxylic acid were independent ofthe cyclic AMP levels, cellular cyclic AMP production in response to 10-6 M prostaglandin El were measured in the presence and absence of these inhibitors. El. However, a similarly low level of cyclic AMP (stimulated by a lower concentration ofprostaglandin El) readily caused C1-secretion, suggesting that the inhibitory effect on Cl-secretion occurs at a step distal to the production of cyclic AMP. However, cyclic AMP production was totally inhibited by anthracene-9-carboxylic acid and n-phenyl anthranilic acid, indicating that these compounds were not specific.
Discussion
The use of cultured cell lines as model systems may allow better elucidation ofthe cellular mechanisms involved in the electrolyte secretory processes. Cultured cells possess a number of distinct advantages and disadvantages (26, 27) . The advantages stem from the homogeneity of the cultured cell population which, in contrast to intact epithelial tissues, contains only a single cell type. Among the disadvantages is the concern that cultured cell lines, which lack certain mechanisms of normal growth control, may also be different from normal cells in other aspects. Thus, cultured cell lines should be useful for the study ofcertain physiologic mechanisms only if they possess similar properties as compared to those observed in intact organs.
In this report, we have demonstrated that T84 monolayers responded to prostaglandin E, in a manner similar to those occurring with isolated intestine of animals and humans (4-7); and therefore, the cell line may serve as a useful model system to study the mechanism of action of prostaglandin E,. In the T& cells, prostaglandin E, caused an increase in both serosalto-mucosal and mucosal-to-serosal C1-movements with the increase in the serosal-to-mucosal direction being consistently greater, resulting in net C1-secretion. The only differences as compared to isolated intestine include (a) the fact that Na' fluxes were not also affected by prostaglandin E,, and (b) the graded dose effect of prostaglandin E, was at least 10-100-fold more potent, as compared to that reported previously with isolated intestine. The finding that Na' fluxes did not change actually is similar to that observed in isolated colon and support the belief that C1-is the ion primarily regulated by prostaglandin El. The lack ofabsorptive cells and our ability to short circuit the monolayers better, together with the high resistance ofthe monolayers, (10, 28) . The results suggest that both prostaglandin E1 and VIP cause net Cl-secretion via the same cyclic AMP-mediated mechanism, similar to those observed in isolated intestine (7, 29) . Our studies did not address the question why the response to prostaglandin El appeared to be less sustained as compared to VIP. One explanation is that the level of cyclic AMP maximally produced by prostaglandin E, was lower.
The major aims of our study were to identify the transport pathways involved in the C1-secretory process activated by prostaglandin E1. The homogeneity of our cell model together with the accessibility to both apical and basolateral membrane provides unique advantages for this type of study. We selected to test the involvement of three transport pathways, including the Na+,Kf,CIF cotransport pathway, the K+ channels, and the C1-channels, because other studies in the Tg4 cell imply their involvement in the CF-secretory process induced by VIP, carbachol, and calcium ionophore A23187 (10-15) .
By the use of bumetanide, we have implicated the involvement of the Na',K+,Cl-cotransport pathway on the basolateral membrane. The results also suggest that this transport pathway serves as the Cl-uptake step in the CF-secretory process, and is required to sustain the action ofprostaglandin El. Na',K+,Clcotransport has been observed in a variety of cells and is inhibitable by bumetanide (30) (31) (32) (33) (34) (35) (36) (37) . In a recent study, the existence of a bumetanide-sensitive Na',K+,Cl-cotransport pathway has been demonstrated in the T84 cells and localized to the basolateral membrane (10) . In the present study, we have shown that serosal application of bumetanide inhibited net Cl-secretion induced by prostaglandin El . That bumetanide inhibition occurred only when it was present on the serosal surface is compatible with the notion that the cotransport pathway serves as a Cl-uptake step across the basolateral membrane, and that this pathway is localized to the basolateral membrane (10) . It should be noted that inhibition by bumetanide was incomplete. This might be due to incomplete blockage of the cotransport system by bumetanide. Alternate explanations include the possibility that Na',K+,Cl-cotransport might not be directly regulated by prostaglandin El, but rather serves to bring Cl-into the cell in the presence of a favorable electrochemical gradient, i.e., after Clis secreted from the cells. The sensitivity of Cl-secretion to loop diuretic has been observed in a variety of epithelia (38) (39) (40) (41) (42) (43) (44) and suggests that similar CF-uptake mechanisms may be shared by many epithelial cell types that secrete CF-.
A sequence of studies confirms the critical role of K+ recycling in the CF-secretory process. Firstly, by measuring Na' and CF-fluxes, we have observed that CF-secretion was inhibited by serosal application of barium. Secondly, utilizing 86Rb+ efflux technique, we demonstrated the existence of a K+ efflux pathway on the basolateral membrane. Thirdly, by the same technique, we showed that the activity of this K+ efflux pathway was stimulated by prostaglandin El. Finally, we proved that barium inhibited the increase in K+ efflux by prostaglandin El across the basolateral membrane. Participation of K+ channels in the Clsecretory process has been suggested in a number of studies. Barium, an inhibitor for a number of K+ channels (45) (46) (47) (48) (49) (50) , has been found to inhibit electrogenic CF-secretion in frog and piglet gastric mucosa (23, 24) . Increased basolateral membrane permeability has also been observed, and attributed to K+, during CF-secretion in other epithelial cells (51, 52).
